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Abstract 

We study how the scalar mesons below 1 GeV are generated through the Oiler- Oset-Pelaez version 
of the multichannel inverse amplitude method applied to the chiral perturbation theory. We find out 
that the /o(980) state is generated as a bound state resonance below the KK threshold, while the 
ao(980) state, generated via the channel coupling between the ht) and KK channels, appears as a cusp 
at the KK threshold. The so-called cr(500) and k(900) need not be interpreted as the conventional 
resonances. 

@ @ @ @ @ @@ @ @ 

1 Introduction 

Recently, many papers have been appeared on the studies of the scalar mesons below 1 GeV, but it seems 
that we have still not reached any certain conclusion on their existence and nature as a whole. 

The experimental feature of the (/, J) = (0, 0) channel is quahtatively stated as follows: The phase 
shift makes a plateau near 60° ~ 80°, and reaches 90° at 800 ^ 900 MeV and then rapidly increases to 
exceed 200° near the KK threshold, and tttt scattering is almost pure elastic below the KK threshold[^ 
It is not clear, however, where are the resonant states involving the so-called a meson in the broad mass 
distribution from 400 to 1200 MeV denoted as /o(400 1200) in the Particle Data Group Lists 2000|D. 
The complex pole searches in the tttt scattering amplitude, the attempts to fit the data by the Breit- 
Wigner formulae or the analyses by using the K-matrix are cited there, but the obtained values are widely 
spread and seem to depend strongly on the models adopted. On the contrary the /o (980) state hidden in 
the structure near the KK threshold has the mass converging to a common value near 980 MeV, while 
its width is spread a little [||. 

In the (/, J) — (1,0) channel a sharp peak is observed near the KK threshold which is denoted 
as ao(980). But it is still not clear whether ao(980) is certainly a resonance or a cusp, since the Trq 
scattering data are scarce. About the (/, J) = (1/2,0) channel, it is controversial whether the so-called 
k(900) really exists or not. The phase shift does not exceed 90° below IGeV at all(5|. This state is not 
yet cited in the PDG List||. 

The central issue in the (/, J) = (0, 0) channel below 1 GeV is to understand the mechanism to 
generate the mass distribution such as the broad peak and the dip or steep cliff near the KK threshold: 
Is the a state really hidden in the broad peak and how the /o(980) state is generated ? We are also 
interested in the following issues whether the ao(980) state is also a bound state resonance like a twin of 
/o(980), and whether the ttK broad mass peak should be interpreted as the the resonance called by k(900). 

In this note we try to analyze the above issues by use of the multichannel Inverse Amplitude Method(IAM) 
of the Chiral Perturbation Theoryg 0, |, |, |lO). In the lAM of the ChPT a meson-meson scattering 
amplitude is given as the Pade[l,l] approximant applied to the perturbative amplitudes up to 0(p'*) in 
order to satisfy the s— channel unitarity and be applied to the resonance region. The Lagrangian of the 
ChPT does not incorporate the a field nor other resonance fields as the independent degrees of freedom 
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in advance, and then it offers a good theoretical framework to study the issues. Of course, this does not 
imply that the existence or nonexistence of a resonance can be completely predicted by the lAM, since 
the theory contains a set of the phenomenological parameters determined by the experimental data. 
Despite the fact that the overall fits have already been given using the full T4 amplitudes by Gomez 



Nicola and PelaezjlO , we revisit the issues around the scalar mesons with use of the lAM in order to 
understand the contents of the fits, that is, how the resonances are generated or not generated. For 
this purpose we adopt the OUer-Oset-Pelaez (OOP) version of the IAM[|j, since the OOP version is 
much simple and describes rather well the qualitative behavior of the data. The OOP version picks up 
only the polynomial terms, T^'s with the coefficients L„'s and the s-channel loop terms out of the full 
0{p'^) amplitudes, neglecting the left hand singularities. It may be said that the OOP version is like the 
K-matrix approximation to the full amplitude. 

The conclusion on the scalar mesons viewed from the OOP version of the 2x2 channel lAM is 
summarized as follows: 

1. The nonet structure of the scalar mesons below 1 GeV does not hold. 

2. The /o(980) state is a typical example of the bound state resonance [pT[ p^ : The KK scattering 
amplitude has a bound state pole on the real axis, if the channel coupling is switched off, and the 
channel coupling moves the pole into the second sheet and generates the resonant behavior near 
the KK threshold. But its explicit resonant form is hidden in the large tttt background. 

3. If we take the parameter set adopted in this note, the ao(980) state appears as the strong cusp, not 
as the resonance. The origin of ao(980) is not the KK bound state pole but the channel coupling 
between the ttj] and KK channels. This gives a sharp peak at the KK threshold, but the elastic 
rjir phase shift cannot exceed 90° below the KK threshold. 

4. The broad peak of the isoscalar-scalar tttt mass distribution centered at 500 MeV need not be 
interpreted as the conventional resonance. It represents the attractive interaction between two 
pious with the vacuum quantum number corresponding to the vacuum fluctuation coming from the 
spontaneous symmetry breaking. The k(900) state is also not the conventional resonance similar 

to (T. 

The mechanism to generate /o(980) and ao(980) is similar to the KK molecule model discussed by We- 
instein and Isgur using the nonrelativistic quark model [|l3| and Jiilich group using the meson exchange 



models! 14, though our theoretical framework is much different from theirs. 



This paper is organized as follows: We briefly explain the OUer-Oset-Pelaez version in the next section. 
The scalar mesons are discussed in Sec. 3 and the vector resonances in Sec. 4. Concluding remarks and 
discussion are given in the last section. 



2 The amphtudes in the lAM 

Since the derivation of the I AM applied to the ChPT has been given in Refs.|^, ^ H, |l^, here we 
summarize the amplitudes in the OOP version[^. In this note we take the two-channel model. The 
partial wave amplitudes in the two-channel I AM to 0(p'*) are written as 

Tiw) = hiw)Mw) - U{w)]-H2iw), (2.1) 

where 42(^4) is the partial wave amplitude with chiral order 0(p^) (0(p^)) amplitude given by the 
symmetric 2x2 matrix and w is the total CM energy. Our T-matrix is related to S-matrix as 

S.jiw) = d,j-2ipy\w)T,,{w)py\w), (2.2) 

P«H = (2-3) 



where pi is the phase space factor with being the CM momentum in the i-th channel. 



Instead of taking the full T4(s,t, u), which involves the left-hand cut coming from the i— and 
w— channel loop diagrams, the OOP version picks up only the s-channel loop diagrams and the polynomial 
terms written as Tj' {s,t,u) with the phenomenological coefficients L„'s left after the renormalization of 
the one-loop diagrams p6| [T7| . All of our (s, t, u) are taken from the Ref. |T^. Thus, the partial wave 
t4{w) is given as 

U{w) ^ tf (w) + t2{w) ■ G{w) ■ taM, (2.4) 

where t^{w) is the partial waves coming from T[ {s,t^u), and G{w) is the diagonal 2x2 loop integral 
under the MS — 1 regularization Gi{w) in the i—th channel is written as 



(Ji{w) 

for the channel with the equal mass m in the i—th channel, and ki is the CM momentum, and 
G,{w) 



K{w) 

for the channel with unequal masses toi and m2 in the i—th channel, and A21 — ra\ — m\. The imaginary 
part of Gii{w) is given as 

1 2k i 

ImG,;(u;) = -- '-e{w-w,) = -p,iw) (2.10) 

lOTT W 

with Wi is the threshold energy of the i—th channel. 

Although the full amplitudes T2 and T^^ satisfy the crossing symmetry, it is known that the unita- 
rized amplitudes projected on the definite (/, J) channel of the s— channel break the crossing symmetry. 
The amplitudes of the OOP version could break it more largely, since the version discards the t— and 
M— channel loop diagrams. 
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The OOP version of the multichannel lAM is just like the K-matrix formalism, which ignores the 
lefthand cut of the scattering amplitudes. Defining the K-matrix as 

K ^t2[t2-Re{U{w))]-H2, (2.11) 



where is the OOP version given by Eq.(2.4), we rewrite the OOP version of the lAM amplitude as 

T = K[l + ip- K]-^. (2.12) 



K in Eq.(2.11) is real analytic as the usual K-matrix. 

Since the OOP t4 discards the contributions from the left hand cut, the results would be different 
from those obtained by using the full T4 amplitudes under the same set of the coefficients L„'s[^. Thus, 
we relax the values of L^s obtained in ref. ||l^ in order to reproduce the characteristic features of the 
scattering amplitudes. We adopt the parameter set of L„ x 10'^ shown in Table [^, w hich is compared with 
the set of ref.||l^ cited as GNP and the one-loop ChPT set obtained in 1995|1§|. Note that while the 
GNP and the ChPT sets are determined a,t fi — Mp, we take /i = 1 GeV. This is because a little larger 
fj, is easy to reproduce the qualitative behavior of the (/, J) = (0, 0) channel. The original OOP version 
took the momentum cutoff corresponding to /i = 1.2 GcVQ. For the vector meson channel much larger 
/i can give better results. 

It should be stressed that our present set is not the best choice to fit the experimental data: Indeed, 
we fail to reproduce the isospinor ttK scattering amplitude below 770 MeV. It is interesting, however, 
that our set is not far from the GNP and ChPT sets.Q 

^ Other sets of L„'s in refs.[^ ^ are not quoted, because their amplitudes are different from those of ref. jl^. 





Li 


L2 




u 


^5 




L7 


is 


GNP 


0.56 


1.21 


-2.79 


-0.36 


1.4 


0.07 


-0.44 


0.78 


Ours 


0.51 


1.11 


-2.95 


-0.35 


1.5 


-0.2 


-0.4 


0.89 


ChPT 


0.4 ±0.3 


1.35 ±0.3 


-3.5 ±1.1 


-0.3 ±0.5 


1.4 ±0.5 


-0.2 ±0.3 


-0.4 ±0.2 


0.9 ±0.3 



Table 1: L„ x 10^ 



Now, we summarize the notations used in the following sections. We divide Z3.y — [t2 — ^ into the 
real and imaginary part as 

[w) - ay ± i{pib\^ ± p2bl), (2.13) 

where 

a-Lj = (*2)'y - (*r)y - (*2£/(w)*2)ji, (2.14) 

6^- = (*2)»fc(<2)fc, (2.15) 

with g{w) = ReG(ii;). Thus, Tii{w), the elastic scattering amplitude of the i-th channel, is written as 

A(w) + i[Bi(w) + B2[w)\ 



where 



A{w) = aiia22- aj^- C{w), (2.17) 

Bi{w) = Pi[aii6^2+a22&n-2ai2&}2], (2-18) 

B2{w) = P2[aii&22 + a226n-2ai2&^2]> (2-19) 

C(«;) = PiP2[fo}i6^2 + &22&ii-&}2fe?2]- (2.20) 

The th channel amplitude Tu in the single channel problem is given as 

-"'^^^H = . ^f'' . (2.21) 

where we note that an contains the meson loops not only of the i— th channel but also of the other j— th 
channel. 

The S-matrix for the first channel with the lower threshold energy is written as 

^11 = + = exp[2zJr («.)], (2.22) 

where the phase shift Si{w) and the inelasticity ri{w) are calculated through this definition. 



3 Scalar mesons 



We study how the scalar mesons are generated through the lAM applied to ChPT. Since we need qualita- 
tive behavior of the amplitudes, we do not cite any experimental data to compare the calculated results. 
The definitions of the amplitudes have been given in Eqs.(|2l^), ( ^l5| ), ( pl7| ), ( |2^ ), (^l8|) , (|2l9|) . We 
calculate up to 1.2 GeV within the OOP version of the two-channel JAM, but we should note that the 
7777 channel and higher resonances may affect the results even below 1.2 GeV. 



3.1 The (I,J) = (0,0) channel: tttt x KK 

The characteristic behavior of this channel is that the phase shift 6ao{w) rises from the tttt threshold, 
forms a plateau of 60° - 80° from 500 to 800 MeV, crosses 90° in the region 800 - 900 MeV, and 
suddenly increases to exceed 200°just below the KK threshold. The behavior implies that A{w) defined 
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Figure 1: Energy dependence of aij{w). (a) an is given by the solid line, 022 by the dotted line and ai2 
by the dashed line, (b) Energy dependence of the resultant amplitude. The real part, A, is given by the 
solid line and the imaginary part,i?i + B2, by the dotted line. 
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Figure 2: (a) Argand diagram starting at the tttt threshold, drawing the circle and bending at KK 
threshold., (b) Phase shift (5oo given by solid line, and the single channel phase shift by dotted line, (c) 
Absorption rate, (1 — ?7oo)/4- (d) The tttt cross section in mb. 



by Eq.(2.17), the real part of denominator of T\\{w), should develop a zero at the point where Jqo goes 
across 90° and B\{w) of Eq.( ^.18 ), the imaginary part, does so at very close to the KK threshold. 

At first we observe from Fig. 1(a) that a-iiiw) develops a zero. This zero stays below the KK threshold, 
if we eliminate the pion-loop contribution in 022 (w). This means that there is the bound state pole in 
the isolated KK channel, which generates the bound state resonance in the tttt scattering amplitude with 



(/, J) — (0, 0) state. The bound state pole moves into the second complex sheet near the real axis as 
the channel coupling is switched on. The nearby pole appears as the zero of A{'w). The zero of Bi{w) 
is also due to the zero of 022 • b\i primarily, but the remaining negative terms push the zero closer to 
the KK threshold. It is noted, however, that the negative terms are required to be not so large in order 
to maintain the zero in Bi. If Bi does not develop the zero, the resultant phase shift cannot exceed 
180°. Thus, the sudden rise of the phase shift is not the simple result of the bound state pole in the KK 
channel. This mechanism to generate the bound state resonance below KK threshold is similar to the 
one discussed by Weinstein and Isgur[T^ and Jiilich group though the theoretical framework of 

the lAM is quite different from theirs. 

We show the results on the Argand diagram, the phase shift Sqq, the absorption rate [1 — ?7oo]/4 and 
the TTTT cross section in Fig. 2 (a), (b) and (c), respectively. Our calculation reproduces the characteristic 
features qualitatively, and gives the results very similar to those by the full amplitude calculation ||ic|. 
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Figure 3: (a) The Argand diagram of /o amplitude from 900 to 1050 MeV. (b) The Argand diagrams 
of Til from the tttt threshold to 1.2 GeV. (c) The solid line shows the sharp Breit-Wigner peak of the 
the /o state extracted by Eq.(3.1), dotted line does the full cross section, and (d) The absorption rate 
(1 — ??oo)'^)/4 of fo{w) is given by the solid line and the one of the "background" by the dotted line. 



Now, in order to extract the /o(980) behavior explicitly we define the /o amplitude through the 
following formula; 

Tii{w) = fii{w) + foiw) exp[2z,5ii(w)], (3.1) 

which is the Dalitz-Tuan prescription widely used to unitarize the sum of the two s catte ring amplitude |ll]| . 
Here Tn is the single channel tttt amplitude with Sn = 1 — 2iTii defined in Eq.( ^.2l"l ). Tn cannot draw 
a full circle in the energy range to 1.2 GeV and plays a role of the background to fo{w). We observe 



that a sharp peak of the /o state hidden in the tttt cross section appears hke the typical Breit-Wigner 
resonance as shown in Fig. 3 (a) and (c), and that the strong rise of the absorption rate (1 — '7oo)/4 just 
above the KK threshold should be attributed to the resonant behavior of the /q amplitude as shown in 
Fig. 3 (d). The /o amplitude could be approximated by the Breit-Wigner form, 

kiw) = — , -p . with Fi = gjwpu (3.2) 

mg - s + zmo(i 1+12) 

where mg is the mass of /o, 51(52) the scalar coupling constant to tttt {KK). In order to reproduce the 
sharp rise of the absorption rate just above the KK threshold, the ratio g^j g\ is required to be large as 
the mass mo leaves the KK threshold. We find that mo ~ 985 MeV, g\ ~ 0.5 and g^lgi ~ 10 in our set 
of the parameters, but the detailed values of the mass and width are too model-dependent and cannot 
be trusted. At least it would be certain that /o behaves like the Breit-Wigner resonance with the large 
KK couphng constant. 

The rising and plateau of the phase shift and the falling behavior of the kinematical limit of the cross 
section, 47r/fc^, shape the tttt cross section into the broad peak from 400 ^ 800 MeV, peaked at 500 MeV, 
as shown in Fig. 2 (d). We show also that the phase shift below 800 MeV is almost similar to that of 
the single channel T\i, and that Tn cannot draw the full Argand circle up to 1.2 GeV. This behavior is 
generated essentially by chiral symmetry and unitaritypO[|, and we do not need any mechanism to hide a 
conventional resonance in the broad peak. Such a strong two-pion correlation may be called the a state, 
but it needs not be expressed by an unstable particle as in the linear a model, or by a Breit-Wigner 
formula. 



3.2 The (I,J) = (1,0) channel: txt] x KK 

The 022 amplitude has a zero similar to the (0,0) channel, but we note that there are large differences; the 
amplitude a\\ is weak repulsive, the ixt] — > {KK)i=\ amplitude 012 is large, and the zero has disappeared 
in the resultant amplitude A contrary to the (0,0) channel. Where does the zero disappear ? In order 
to see the role of the channel coupling including the 7177 loop in 022 and KK loop in an, we introduce a 
scale factor a as a(i2)i2 and ait^i^. We observe that the zero of a^iiw) does not develop at a = 0, that 
is, there is not a bound state pole. When increasing a gradually, the cusp behavior becomes remarkable 
and then the cusp changes to the resonance for a sufficiently large a. Such a behavior was studied using 
a much simpler model in p^ , where the complex pole pole starts from the boundary between the third 
and fourth sheets at a = 0, moves to the fourth sheet producing the cusp behavior as a increases, and 
then appears in the second sheet as the resonance pole. At a = 1 in our (1, 0) channel, the pole stays in 
the fourth sheet near the boundary of the second sheet , and then the strong cusp behavior is left. The 
real part of the complex pole is larger than 2m k- The cusp gives a sharp peak of the mj cross section, 
the shape of which is not expressed by the Breit-Wigner form as shown in Fig. 5(d). 




Figure 4: Energy dependence of the amplitudes, (a) an is given by the solid line, 022 by the dotted line 
and ai2 by the dashed line, (b) A is given by the solid line and Bi + B2 by the dotted line. 



The large nr] — > {KK)i^i amplitude drags Tn toward the center in the Argand diagram above the 
KK threshold as shown in Fig. 5 (a), and the phase shift increases to pass 90° above the KK threshold. 
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Figure 5: (a) Argand diagram, (b) Phase shift 6iq. (c) The production rate, (d) The nri cross section in 
units of mb. 



The behavior of the phase shift above the KK threshold does not imply the existence of a resonance above 
the KK threshold, however. It is also noted that the form of the absorption rate (1 — ryjQ)/4 is quite differ- 
ent from the one of the resonant /o(980) state which shows the sharp rising just above the KK threshold. 
Although it is not clear that the full T4 calculation reached the same cusp behavior because of the lack 
of the figure of the phase shift, we point out that the cross section behaves very similarly to our result [nOl. 



It is interesting to note that our result resembles the Jiilich model|15|, where they state that the ao 
state is essentially generated by the channel coupling without any origin in the diagonal amplitudes, both 
TTT] and KK channels. They seem to choose finally the parameters so that the pole is brought to the 
second sheet off the fourth sheet and then the round shaped ttt] cross section is obtained. 



3.3 (/, J, ) = (1/2, 0) channel: ttK x r]K 

The experimental nK phase shift increases smoothly up to the rjK threshold without any remarkable 
structure, but does not exceed 90° This behavior implies that there is not hidden any conventional 
resonant structure. 

Due to the wrong sign of the rjK elastic amplitude r22 at low energies below 760 MeV, both of the 
A and Bi have the wrong sign, but we can reproduce the above experimental behavior roughly above 
770 MeV. The failure is directly due to the fact that the leading r/K rjK amplitude (^2)22 behaves as 
if it has a bound state zero at a low energy and cannot remove the zero. This would be due to the 
OOP version with our set of parameters £„'s, since the calculation by the full amplitudes gives the nice 
result [|lOj. The Argand diagram shows that the amplitude stops in the second quadrant at rjK threshold, 
and the phase shift increases up to about 80° , which is a little larger than the data, but does not exceed 
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Figure 6: Energy dependence of the amplitudes. Lines are the same as previous Figs. 
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Figure 7: (a) Argand diagram, (b) Phase shift (Jig The sohd hne is the multichannel calculation, and the 
dotted one for the single channel calculation, (c) The production rate, (d) The ixK cross section. 





90° below 1.2 GeV. The Argand diagram up to 1.2 GeV is similar to the result in Ref . . The phase 
shift by the single -kK amplitude is very similar to the multichannel one at higher energies as shown in 
Fig. 7(b). This fact and the rather small absorption by the r\K channel indicate that the effects of the 
channel coupling seems to be small as contrasted with the /o(980) and ao(980) cases. The 'kK cross 
section has the large broad peak centered at 850 MeV. 

It is certain that both the calculation and experimental data in the (1/2,0) channel lead to the conclu- 
sion that that the so-called k represents the strong -kK correlation, but not the conventional resonance. 
The absence of this state is argued in Refs.|2^, |2^, [2l| . 



3.4 (J, J) = (2,0) and (3/2,0) exotic channels 



The 7r7r(2,o) channel is repulsive, and the phase shift goes down as shown in Fig. 3.4 (a). Similarly, the ttK 
channel gives the negative (3/2,0) phase shift, which is shown in Fig. 3. 4(b). These behaviors are very 
similar to those of ref . |10| , and to the experimental data. 
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Figure 8: (a) S(^2,o}- (b) (^(3/2,0) ■ 



3.5 Scattering lengths 

Here we summarize the scattering lengths of (/, J) = (0,0), (2,0), (1/2,0) and (3/2,0) channels in unit 
of l/m^n.: 



0(00) = 0.214, 
0(2,0) = -0.040, 



1(10) 



0(3/2,0) 



= 0.029 0(1/2,0)=/, 



= -0.057. 



While the value a(x/2.o) cannot be trusted by the situation stated in the previous subsection, the ttK 
single channel calculation gives a good value, a(i/2,o) = 0.219. The channel coupling also changes the 
scattering length given by the single Trry channel calculation in the (1,0) channel. The scattering lengths 
by the one-loop ChPT to tttt scattering|Q and ttK scattering under the condition fy^ = /ifjl^l ^ 
follows: 

0(00) = 0.201 a(2,o) = -0.041, 

0(1/2,0) = 0.19 0(3/2,0) = -0.05, 

which are close to our calculations, if we take the single channel result for 0(1/2,0) ■ 

4 Vector mesons 

We do not attempt to reproduce the resonance masses exactly, but we think that it is enough for our aim 
to reproduce them within the error of a few tens MeV . 

We define the kinematical singularity free amplitudes tij{w) as 



Tij{w) = ki ■ tij{w) ■ kj, 



(4.1) 



where ki is the CM momentum in the i— th channel. This replacement induces the extra momentum 
dependence on G as 

G,{w) ^ Gf{w)^kjG,{w). (4.2) 
Then, the phase space factor p becomes 



(4.3) 







single 


multi 


Exp. value 


p 


Mass(MeV) 


796.9 


795.6 


769.3 ±0.8 


Width(MeV) 


165.8 


165.2 


150.2 ±0.8 


K* 


Mass(MeV) 


885.2 


859.9 


891.7 ±0.3 


Width(MeV) 


40.1 


36.5 


50.8 ±0.9 


"0" 


Mass(MeV) 


887.9 




926.5 



Table 2: Masses and widths of the vector resonances both in the single and multichannel formalism. 



At first, we observe that the vector meson resonances are realized even in the single channel formal- 
ism, and that the channel coupling do not affect the result so much, if the parameter set L„ 's is selected 
appropriately. We tabulate the results at /i = 1 GcV in Tabic ^. As to the p/ii(1020) meson Ref.Q 
gives 935 MeV by use of the full T^, and they argue that this state is the SU(3) octet part of the 4> 
meson, because P— wave KK state can couple only to the SU(3) octet state, the mass of which is given 
as 926.5 MeV by using the experimental masses of the vector mesons|2^. If we take this value as the 
experimental mass of " 0" , the deviation of our results from the experimental mass values of the vector 
meson remains within ±40 MeV. Since the value of the width depends almost linearly to the mass value, 
the calculated width is large by about 10% for the p meson and small by 30% for the K* meson compared 
to the experimental one, respectively. If we use the experimental mass values, the calculation gives the p 
width 154.2 MeV and K* 45.8 MeV, the both of which are reasonable. 

In the vector meson channels both for the p and K* , all of the aij (w) amplitudes cross the zero at 
almost similar energy. Order of the positions of the zeros in the rho channel is different from those 
in the K* channel. This is the reason why the mass in the multichannel is so close to the one in the 
singlechannel for the p channel, but large for the K* channel. The subtle positions of the zeros depend 
on the parameter set L„'s, but the developing of the zeros in all of would be stable. The developing 
of the common zeros is the remarkable difference from the scalar channels. 

5 Concluding remarks 

We have calculated the two-meson scattering amplitudes, mainly in the scalar channel, within the OOP 
version of the lAM to the ChPT. We used the Tf amplitudes calculated by Gomes Nicola and Pelaesj 10 
with our set of the phcnomcnological constants L„'s given in Table I. 

We have arrived at the following conclusion on the low mass scalar meson spectroscopy. 

1. The nonet structure of the scalar mesons below 1 GeV does not hold. 

2. The /o(980) state is generated through the bound state appearing in the KK channel, and behaves 
as like as the Breit-Wigner resonance, if we extract the /□ amplitude from the tttt background. 

3. The ao(890) state is born through the channel coupling between the m] and KK channels, and 
finally grows up to be the strong cusp. 

4. The broad peak centered at 500 MeV, which may be called the a state, is interpreted as the 
TTTT strong correlation coming from chiral symmetry and unitarity, and there is no conventional 
resonance below 900 MeV. 

5. Unfortunately, we failed to reproduce the low energy behavior of the (/, J) = (1/2, 0) channel below 
760 MeV, but the calculation with the full amplitudes [p^ and the experimental data strongly suggest 
the conclusion that the k(900) peak need not be the resonance. 

6. The KK correlation is attractive and so strong as to generate the bound state by KK loop alone 
in the isoscalar channel. 



It is impossible, however, to extract any information on the quark contents of the resonances from the 
analyses by the unitarized ChPT. Even if our conclusion on the mechanism of the generation of /o(980) 
and ao(980) is similar to Refs.[p^ [I^ , |T^, we cannot say whether they are the qqqq or the KK molecule. 
If the /o(980) appears the resonance but ao(980) the cusp by the hadronic dynamics, the qq scalar nonet 
should be attributed to the scalar resonances above 1 GeV. 



Recently the complex pole search of the amplitudes on the unphysical sheets has been widely at- 
tempted in the study of the scalar meson spectroscopy. We have also discussed the movement of the 
complex poles of the /o(980) and ao(980) states . The complex pole is expected to be fundamental, 
parameterization- and process-independent, but the pole search is performed practically by use of a 
model amplitude, which is parameterized to fit the data on the real axis approximately^ and then the 
pole position is the more model-dependent as it is the more distant from the real axis like the a and k 
cases |p7|. 

For example, it is shown that the amplitude coming from the t— and u— channel p meson exchange in 
the (0,0) channel develops the complex pole distant from the real axis at (370—3561) MeV, for example [p9|, 
while the phase shift stays at 50 ~ 60° at most[|l^, ^ A similar distant complex pole would be 
found in the (1/2,0) channel, because the role of the p and K* exchange and the behavior of the phase 
shift are quite similar to the ones in the (0,0) channel. Another example is the unitarized current algebra 
result [^0[ |3^, which gives a pole at -\/— il67r/„ = 463 — i463 MeV. An inverse example is the linear a 
model unitarized by the Fade [1,1] approximation applied to the perturbation series up to the one- loop 
level In this model the physical a mass at which the phase shift crosses 90° is set near the p meson 
mass, but the complex poles in the unphysical sheet are found at near (500 — 300i) MeV. These values 
are close to the ones in the p exchange model and the unitarized current algebra, but the physics on the 
real axis is quite different from each other. The origin of the a pole is quite different from the one of a 
pole near the real axis such as the p meson pole. It would be misleading, therefore, if we easily attribute 
any distant complex pole to the existence of an unstable meson state. 



There is an argument to relate the i— channel p meson exchange with the s— channel a resonance 



through the concept of the duality between the Regge pole exchange and the direct channel resonance 1 23 
27, 28|. This argument seems to be introduced so that the complex pole found in the p exchange amplitude 



could be regarded as a root of a in the s— channel. If the tt+tt^ tt+tt^ amplitude is expressed by the 
single Veneziano amplitude V{s, t) in the Veneziano model ||33|] , the amplitude in the physical region near 
the pole at s ~ ~ is dominated not by the channel exchange term, ~ g^{s + t)/{Mp — t) but 
the s— channel pole term, ^ g'^{s + t)/{Mp — s), and the both expressions cannot be added in order to 
avoid the double counting. Thus, it may be in trouble to add the p meson exchange amplitude to the 
a pole term in the s— channel. Rather, the [1,1] Fade approximant applied to the linear sigma model 
without the p meson exchange[^ or the meson exchange model without the s— channel a pole [p^ would 
be consistent with the duality. 

The duality would work severely for the models containing the explicit a field or the a pole besides 
the p field in the theory. But the exchanged object in the above models is not any Regge pole but merely 
a simple pole, and it is doubtful whether the complex pole found in the p exchange amplitude represents 
really the a meson in the s— channel as discussed previously. If the model does not contain the a field 
as an independent degree of freedom, and if the mass enhancement peaked at 500 MeV, which may be 
called a state, comes from the two-pion correlation as the vacuum fluctuation owing to the spontaneous 
chiral symmetry breaking, it would need careful studies to understand the duality between the Regge 
pole exchange and the a enhancement. 



We have argued the two-meson scattering processes within one of the unitarized chiral perturbation 
theories in this note and obtained rather unpopular conclusions on the scalar meson spectroscopy. There 
are many interesting phenomena such as the production and decay processes including the low mass scalar 
" mesons" in order to reveal the nature of them. The confirmation of our conclusion and the consistency 
check with various processes should be pursued. 
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